Abstract Accurately representing complex land-surface processes balancing complexity and realism remains one challenge that the weather modelling community is facing nowadays. In this study, a photosynthesis-based Gas-exchange Evapotranspiration Model (GEM) is integrated into the Noah land-surface model replacing the traditional Jarvis scheme for estimating the canopy resistance and transpiration. Using 18-month simulations from the High Resolution Land Data Assimilation System (HRLDAS), the impact of the photosynthesis-based approach on the simulated canopy resistance, surface heat fluxes, soil moisture, and soil temperature over different vegetation types is evaluated using data from the Atmospheric Radiation Measurement (ARM) site, Oklahoma Mesonet, 2002 International H 2 O Project (IHOP_2002), and three Ameriflux sites. Incorporation of GEM into Noah improves the surface energy fluxes as well as the associated diurnal cycle of soil moisture and soil temperature during both wet and dry periods. An analysis of midday, average canopy resistance shows similar day-to-day trends in the model fields as seen in observed patterns. Bias and standard deviation analyses for soil temperature and surface fluxes show that GEM responds somewhat better than the Jarvis scheme, mainly because the Jarvis approach relies on a parametrised minimum canopy resistance and meteorological variables such as air temperature and incident radiation. The analyses suggest that adding a photosynthesis-based 
Introduction
Correctly representing the role of land-atmosphere exchange processes remains one challenging problem in weather and climate modelling (Pielke and Niyogi 2010) . The misrepresentation of surface processes may result in significant errors in both short-term and long-term forecasts (Chen et al. 2007 ). This is because land-surface models combine information describing the surface boundary-layer, radiation, and precipitation forcing with information describing the surface properties and state to provide the heat, moisture and momentum fluxes needed as lower boundary conditions for numerical weather prediction (NWP) models. Based on numerous studies (Beljaars et al. 1996; Betts et al. 1997; Chen et al. 1997; Ek et al. 2003; Trier et al. 2008) , the improvement of one-to five-day predictions of boundarylayer development, cloud formation, precipitation, and surface meteorology depends heavily on improving the representation of surface processes and the initialization of soil moisture. Moreover, due to the linkages between mesoscale and large-scale processes, it is hypothesised that the importance of improving the representation of surface processes increases as the model resolution increases .
Many operational models used by the European Centre for Medium-Range Weather Forecasts (ECMWF), the National Centre for Environmental Prediction (NCEP), and MeteoFrance (IAGL) utilise the so-called Jarvis (1976) scheme in conjunction with Penman-Monteith (1965) type relationships to calculate transpiration. One of these models is the Noah land-surface model (Noah), which is a core component of the Weather Research and Forecasting (WRF) model, as well as a number of land data assimilation systems such as the High Resolution Land Data Assimilation System (HRLDAS; Chen et al. 2007 ) and North American Land Data Assimilation System (NLDAS; Mitchell et al. 2004 ).
In the Jarvis scheme, the canopy resistance (R c ) is calculated as a function of the minimum canopy resistance (R c min ) and a number of environmental stress functions. Chen and Dudhia (2001) found that Noah was sensitive to the specification of R c min . More recently, Alfieri et al. (2008) concluded that the use of the Jarvis scheme in Noah can result in significant errors in the flux estimates because it does not consider many environmental factors affecting R c ; they further concluded that this limitation of the Jarvis scheme could not be overcome using a constant parametrisation of R c min . Also, studies by Niyogi and Raman (1997) , Alapaty et al. (1997) , and Cooter and Schwede (2000) suggest that uncertainty in R c min can significantly alter the simulated hydrological cycle budget and result in a misrepresentation of boundary-layer processes that can then affect the coupled model forecast. Hence, as pointed out by Mitchell (2005) , improving the ability of Noah to predict transpiration is of immediate relevance to the NWP community.
The accuracy of transpiration estimates derived from the Penman-Monteith relationship depends heavily on the robustness of the values of R c , because R c is a highly dynamic variable that represents the complex inter-relationships between the plant physiological processes and environmental processes controlling the water vapor flux from the vegetation. One example of the controlling processes is the photosynthetic pathway. Due to differences in biochemical pathways and physiology, plants that utilise the more common C3 photosynthetic pathway have a very different response to light, temperature ambient CO 2 concentration, and other environmental forcings than those that utilise the C4 photosynthetic pathway (Niyogi et al. 1998) . Because of these differences, the impacts of C3 and C4 plants on the water, carbon, and energy cycles also differ. Niyogi et al. (1998 Niyogi et al. ( , 2008 developed the Gas-exchange Evapotranspiration Model (hereafter GEM) based on the Ball-Berry-Collatz scheme (Ball et al. 1987) , which determines R c as a function of CO 2 assimilation rate, surface temperature, and ambient temperature (Collatz et al. 1991 (Collatz et al. , 1992 Sellers et al. 1996a,b) . The impacts of GEM on a grid-scale surface energy balance and diurnal atmospheric feedback were evaluated in Niyogi et al. (2008) . The impact of GEM on simulations of summer-season surface heat fluxes using Noah in an offline mode is discussed in Kumar et al. (2008) . The objective of the present study is to determine the impact of R c on surface fluxes and soil moisture, and to evaluate both the Jarvis scheme and GEM within Noah using long-term uncoupled simulations and field data. Since GEM should capture the differences in the response of C3 and C4 plants to ambient environmental conditions, it is expected that the combined Noah-GEM model will be better able to represent land-atmosphere exchange processes than the default version of Noah.
The Noah land-surface model, Jarvis scheme, and GEM are briefly described in Sects. 2.1, 2.2, and 2.3, respectively. Section 2.4 describes the model configuration and domain while Sect. 2.5 discusses the field observations used for validation. The results are presented in Sect. 3 followed by the conclusions in Sect. 4.
Description of the Noah Land-Surface Model and R c Formulations

The Noah Land-Surface Model
The Noah land-surface model is based on coupling the diurnally dependent Penman potential evaporation approach of Mahrt and Ek (1984) with the multilayer soil model of Mahrt and Ek (1984) and the canopy model of Pan and Mahrt (1987) . The canopy resistance approach of Noilhan and Planton (1989) and Jacquemin and Noilhan (1990) was implemented within the Noah land-surface model framework by Chen et al. (1996) and Chen and Dudhia (2001) . The model's thermodynamics and hydrology formulation is described in Chen and Dudhia (2001) . In general, Noah utilises a combined canopy-surface layer and four soil layers. The soil layers, which have thicknesses of 0.1, 0.3, 0.6, and 1 m, respectively from the surface downward, represent the soil to a total depth of 2 m. While the rooting depth is specified according to the vegetation type, in general, the upper layers represent a 1-m rooting zone while the deepest layer acts a moisture reservoir.
In Noah, the total evaporation (E) is determined as the sum of (a) direct evaporation from the surface (E dir ), (b) evaporation of intercepted rainfall from the canopy (E c ), and (c) transpiration from the canopy (E t ). The total evaporation (E) is thus given as
As described in detail by Ek et al. (1991) , the calculation of E t , the main focus of our study, is conducted as follows:
where σ f is the green vegetation fraction, E p is potential evaporation, W c is the amount of water intercepted by the canopy, S is the maximum water capacity of the canopy
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(specified as 0.5 mm), and n is a constant (specified as 0.5). B c is a function of R c and is calculated as
where is the slope of the temperature-saturation water vapour curve, R r is a dimensionless function of temperature and pressure, and C h is the surface exchange coefficient for heat and moisture. The calculation of R c using the Jarvis scheme and GEM is discussed in Sects. 2.2 and 2.3, respectively. Surface properties such as vegetation type, albedo, leaf area index (LAI), and roughness length are parametrised in Noah using a "look-up" table keyed to a 24-category United States Geological Survey (USGS) land-cover dataset (Table 1) . Soil hydraulic properties such as the slope of the water retention curve are determined in accordance with Cosby et al. (1984) using parameters specified as a function of the 16-category soil texture scheme (Table 2) developed by Miller and White (1998) . The various atmospheric and surface forcings required by Noah are documented in Chen et al. (2007) .
The Jarvis Scheme in Noah
The Jarvis scheme, which is implemented in Noah following Jacquemin and Noilhan (1990) , estimates R c according to
where R c min is the minimum canopy resistance, LAI is the leaf area index, and F 1 , F 2 , F 3 , and F 4 are weighting functions representing the effects of plant stress due solar radiation, humidity, soil moisture content, and air temperature, respectively, on R c . As is described in detail in Chen and Dudhia (2001) , these environmental stress functions are defined as follows:
with f = 0.55
LAI ,
and
where R c max is the maximum or cuticular canopy resistance, R gl is the minimum solar radiation necessary for photosynthesis (transpiration) Tables 1  and 2 .
The Gas-Exchange Evapotranspiration Model in Noah
The Jarvis scheme has a number of limitations that are discussed in Niyogi et al. (2008) and Alfieri et al. (2008) , which are expected to be overcome by the use of the physically-based GEM. In the coupled Noah-GEM , the Jarvis scheme is replaced with the Ball-Berry-Collatz approach (Ball et al. 1987) , which uses robust parameters that do not vary significantly from their basal values (Collatz et al. 1991) and can be measured either in the laboratory or in the field (Ball et al. 1987) . GEM estimates R c according to:
where A is the carbon assimilation, r s is the leaf-level relative humidity, C s is the leaf-level CO 2 concentration, and m and b are linear coefficients that depend on the vegetation type and photosynthetic pathway (Sellers et al. 1996b; Niyogi et al. 2008) . In GEM, the estimation of the different parameters, particularly the carbon assimilation (A n ) term, follows the Collatz et al. (1992) scheme. The photosynthesis rate is estimated following Sellers et al. (1996a) .
The key vegetation-dependent parameters in GEM (Table 1) include the linear coefficients m and b, ambient CO 2 concentration (C a ), critical soil moisture potential (ψ c ), and the maximum catalytic capacity of rubisco (V max ). The root zone soil moisture content (W 2 ) is calculated in GEM as a weighted average of the dynamically obtained soil moisture from Noah. The modelled soil moisture for each of the root zone soil layers is weighted by the thickness of the corresponding layer to obtain W 2 as follows:
The effective change in the catalytic capacity of rubisco (V m ) is calculated as a function of W 2 according to Calvet et al. (1998) as
where f (W 2 ) is computed as
Following Anderson et al. (2000) , the assimilation rate (A n ) is adjusted for changes in the environmental conditions by scaling the unstressed value by a moisture stress factor (S m )as
where B is the slope of the soil moisture/water retention curve. The Ball-Berry approach was chosen rather than the Leuning (1995) and the Kim and Verma (1990) canopy resistance approaches, which use the vapour pressure deficit as a driver, mainly because of the direct linear relationship between canopy resistance and relative humidity noted in Niyogi et al. (1998) .
The High-Resolution Land Data Assimilation System Configuration and Domain
The numerical experiments were conducted using the uncoupled Noah/HRLDAS model. The HRLDAS framework (Chen et al. 2007 ) was selected for this investigation because it is capable of capturing the spatial variability of the soil and vegetation at scales ranging from 1 to 10 km, the spatial scale typical of the mesoscale applications planned for the WRF system. For the simulations used here, HRLDAS was run from 1 January 2001 to 30 June 2002 with 550 × 400 grid points at a 4-km resolution. The model domain over the continental United States (Fig. 1) represented a broad range of vegetation types including dry-land and cropland pasture (22%), deciduous broadleaf forest (14%), grass (13%), cropland-grassland mosaic (12%), cropland-woodland mosaic (10%), evergreen needle-leaf forest (11%), mixed forest (5%), savannah (3%), and urban (1%).
The HRLDAS simulations used the following atmospheric forcing and surface conditions (Chen et al. 2007 ): (i) hourly 4-km NCEP Stage-IV rainfall analysis, (ii) 0.5 degree Geostationary Operational Environmental Satellite (GOES) gridded shortwave radiation, a product jointly developed by NESDIS/NOAA and the University of Maryland, (iii) other atmospheric forcing conditions from model-based analyses, (iv) 1-km United States Geological Survey (USGS) land-use map, and (v) 1-km State Soil Geographic Database (STASGO) soil texture map. HRLDAS output included profiles of soil moisture and soil temperature for four model soil layers (0.1, 0.3, 0.6, and 1.0 m), surface sensible (H ) and latent heat fluxes (LE), surface skin temperature (T s ), runoff, and water table recharge (Table 3) . (Weckwerth et al. 2004; LeMone et al. 2007a,b) . The turbulent flux data, which were obtained using the eddy-covariance method, from Site 5 near Spivey, Kansas, and Site 6 near Conway Springs, Kansas, were used here. Both sites were cropped with winter wheat. Soil moisture and temperature data collected at 80 of the 110 automated stations that make up the Oklahoma Mesonet (Brock et al. 1995; Shafer et al. 2000) were also used to evaluate the model simulations. Detailed information about this Mesonet can be found at http://www.mesonet.org. The third dataset used to evaluate the model output was from the ARM site located in a grassland near Plevna, Kansas. 
Results and Discussion
Analysis of Canopy Resistance
As can be seen in Fig. 1 , grasslands are the prevailing land-cover type across the western portion of the model domain. In contrast, the land cover across the eastern part of the domain, which consists of a mixture of forested, cropped, grassland, and savannah landscapes, is much more diverse. The impact of the method used to calculate R c on the modelled fluxes, skin temperature, and R c can be seen in Fig. 2 , which shows the model output for each of these variables along an east-west transect at 36 • N latitude. The difference between the turbulent energy fluxes derived from the Jarvis scheme and GEM are typically between 50 and 100 W m −2 over forested and cropped surfaces; a smaller difference is seen over savannah. The differences in the surface fluxes were primarily due to differences in R c from the two schemes. The resistance from the Jarvis scheme and GEM differed by 50-100 s m −1 over cropped and forested areas. The differences in R c also affected the skin temperature such that when the difference in the modelled R c was large (50-200 s m −1 ) the skin temperature differed by 2-3 K.
To further characterize the differences in the model output when the different methods for estimating R c were used, the differences in LE, evapotranspiration (ET), and skin temperature were evaluated over the whole of the model domain (Fig. 3) . Overall, due to the lower estimates of R c typically produced by the Jarvis scheme, LE and ET were larger with the default version of Noah as compared to Noah-GEM. The skin temperature calculated by the default version of Noah also tended to be lower than that calculated by the version of the model incorporating GEM. This was particularly true over the western half of the model domain, which was dominated by grassland and cropland. Over the eastern portion of the model domain, a lower R c estimate from Noah-GEM resulted in a 50-100 W m −2 increase in LE and a 1-2 K decrease in modelled skin temperature. The differences between the estimates of R c from the two methods could be traced, at least in part, to the ability of Noah-GEM to better distinguish between different vegetation types and to better represent their response to ambient environmental conditions.
Since R c is a difficult quantity to measure, few successful long-term observational studies have been conducted to understand its variability (Avissar 1993) . As a result, the modelled summertime R c was evaluated against estimates from the literature. Figure 4 shows the average midday (0900-1500 LST) estimates of R c across the whole of the model domain from both the Jarvis scheme and GEM for the four main land cover types in the model domain: grassland, cropland, forest, and shrubland. Over grasslands, the average midday R c from GEM was from 250 to 350 s m −1 while their values produced by the Jarvis scheme were between 100 and 300 s m −1 . Wilson et al. (2002) found the mean midday value of R c ranged between 200 and 500 s m −1 at the Little Washita (Kansas) during the summer months. For broadleaf deciduous forest, the average midday R c was 70 and 90 s m −1 , respectively, for GEM and the Jarvis scheme. These estimates of R c are consistent with values reported by both Dorman and Sellers (1989) , who calculated a range of R c between 50 and 100 s m −1 using the Simple Biosphere model, and Nemani and Running (1989) who determined R c ranged between 50 and 300 s m −1 over the Lubrecht Experimental Forest (Montana). Similarly, the R c estimates for coniferous forest from both GEM and the Jarvis scheme fall within the range of 20-200 s m −1 reported in the literature (McNaughton and Black 1973; Gay and Stewart 1974; Oke 1987) . For croplands, the average midday R c was 15 s m −1 when using GEM and 35 s m −1 and when using the Jarvis scheme; thus, the estimates of R c from GEM are more consistent with observations such as those of Baldocchi (1992) whose measurements of R c over maize and wheat were 15 and 35 s m −1 , respectively. Although no reports of R c for shrubland were found, the GEM-produced values (ranging between 300 and 400 s m −1 ) were significantly lower than those from the Jarvis scheme (ranging from 500 to 800 s m −1 ). Thus, it is quite clear that the two methods for determining R c produce very different results over grasslands and shrublands while producing similar results over croplands and forest. m. The full suite of micrometeorological and soil measurements are collected on a half-hourly basis, and using these data, R c is calculated using the inverted PenmanMonteith formulation described by Turnipseed et al. (2003) . Because R c estimates were available for only select days during June 2002, and the Niwot Ridge site is located outside of the model domain, the simulations with the Jarvis scheme and GEM were conducted using a one-dimensional column version of Noah. The simulations were for the 18-month period from 1 January 2001 to 30 June 2002 and used the same meteorological and forcing data required for driving HRLDAS (Chen et al. 2007) .
A comparison of the midday averages of the observed and modelled R c , H , and LE (Fig. 5) showed clear differences. For example, although the estimates of R c from Noah-GEM were slightly higher than those derived from the observations, they maintained the same temporal pattern. In contrast, R c derived from the Jarvis scheme had a nearly constant value. For the period from 6 June through 13 June, R c derived from observations ranged between 230 and 300 s m −1 while the values from Noah-GEM ranged between 300 and 410 s m −1 . The results from the Jarvis scheme save a value of approximately 100 s m −1 . As a result, while there was a close agreement between the observed fluxes and the Noah-GEM output, the default version of Noah tended to overestimate LE by 50 W m −2 , on average. For the period from 20 June to 29 June, the discrepancy between the observed and modelled LE was between 50 and 100 W m −2 when the Jarvis scheme was employed to estimate The model output from both the default version of Noah with Jarvis scheme and Noah-GEM were compared to observations collected in the US Southern Great Plains during IHOP_2002 and at ARM and Ameriflux sites. Overall, for the region, it appears that Noah-GEM performs better in capturing the spatial variability in the turbulent fluxes than does the default Noah using the Jarvis scheme. This is particularly evident in the eastern part of the IHOP_2002 domain, which was comprised of several different vegetation types and demonstrated significant spatial variability in both H and LE (LeMone et al. 2007a,b; Alfieri et al. 2009 ). Using composites of the diurnal cycle of the turbulent fluxes for June 2002 (Fig. 6) , the modelled and observed fluxes were compared. The data were analysed for four different vegetation types: grassland (ARM facility at Plevna, Kansas), deciduous forest (Duke Hardwood Forest Ameriflux site), maize (Mead, Nebraska Ameriflux site), and winter wheat (the average of the IHOP_2002 sites near Spivey, Kansas and Conway Spring, Kansas). Although the modelled H showed reasonable agreement with the observations, the estimates of LE from Noah-GEM were between 50 and 200 W m −2 greater than the observations from both the ARM facility and Ameriflux sites. There was little difference between the modelled and observed fluxes for either version of Noah at the winter wheat sites. Focusing on midday averages for June 2002, the response of H and LE to variations in R c was evaluated (Fig. 7) . Although observations of R c were unavailable at the ARM and Duke Hardwood Forest site, a comparison of the values from GEM and the Jarvis scheme showed that the former produced lower and less variable R c estimates. A similar analysis performed using the average of the two IHOP_2002 winter wheat sites and the Mead, Nebraska Ameriflux site showed the two methods for calculating R c yielded similar results. The difference in the R c measurements were somewhat larger over maize than over winter wheat, however. Despite the modest variability in R c , Noah-GEM better reproduces day-to-day patterns in energy fluxes than does the default Noah. For instance, the observed increasing trend in LE and decreasing trend in H was captured by Noah-GEM model but not the Jarvis scheme.
Verification of Soil Moisture and Temperature with ARM, Ameriflux and Oklahoma Mesonet Data
One of the principal reasons for using HLDAS is to obtain accurate soil moisture and soil temperature information, which are of value in a variety of applications including the initialising the soil states in mesoscale NWP models (e.g. Trier et al. 2004 Trier et al. , 2008 Holt et al. 2006;  123 Fig. 10 a Daytime (1300 LST) correlation between canopy resistance and surface temperature over irrigated cropland (top) and deciduous broadleaf forest (bottom). b Same as a but for mixed forest (top) and grassland (bottom) Niyogi et al. 2006) . Using data from the Plevna, Kansas ARM facility and Mead, Nebraska Ameriflux site, which had continuous data for June 2002, the modelled and observed soil temperature were compared. The composite of the diurnal cycle of the 50-mm soil temperature are shown in Fig. 7 and summary statistics are provided in Table 4 . Compared to the output from default version of Noah using the Jarvis scheme, the bias in the estimates of soil temperature from Noah-GEM was reduced by 50% at the Plevna site. A smaller decrease in the bias was also seen at the Mead, Nebraska Ameriflux site. Overall, the predicted soil temperature from Noah-GEM was in good agreement with observations. A similar verification of the hourly soil moisture data at two depths, 0.05 and 0.15 m, was conducted using the average of the data from all of the Oklahoma Mesonet stations for June 2002. While the default model tended to underestimate soil moisture at both levels, Noah-GEM provided better estimates of soil moisture ( Fig. 8 ; Table 5 ).
Relationship Between Canopy Resistance and Surface Temperature
A detailed surface and boundary-layer analysis was conducted by LeMone et al. (2007a LeMone et al. ( ,b, 2010a using IHOP_2002 data. Stomatal resistance estimates from observed humidity, transpiration, radiation, and leaf temperature using a steady-state porometer were reported and showed that the resistance decreased with increasing leaf temperature, which is typical for unstressed plants during daylight hours. By design, Noah does not explicitly calculate leaf temperature, but an effective surface temperature is calculated in the model (Noilhan and Planton 1989) . This effective surface temperature was compared to the values from LeMone et al. (2007a,b) , and Fig. 9a and b shows the relation between R c and surface temperature over different vegetation types. The canopy resistance derived from GEM was consistent with the observations reported in LeMone et al. (2007a,b) , whereas the Jarvis scheme demonstrated the opposite behaviour (Fig. 10) .
Conclusions
The motivation for this study was to compare the default version of Noah, which is widely used for operational weather prediction, regional climate modelling, and research community, with a version that uses a physically-based model for determining R c . Our study investigated the impact of incorporating the photosynthesis-based GEM into Noah on the ability of the land-surface model to represent surface energy fluxes, soil moisture and soil temperature. Based on the results of this work, it was concluded that Noah-GEM is better able to capture both diurnal and long-term variability in R c over differing vegetation types as compared to the Jarvis scheme. As a result, Noah-GEM was better able to reproduce the observed turbulent fluxes than the default version of the model. It also produced significantly better estimates of the soil moisture at the 0.05-m and 0.15-m levels. Thus, Noah-GEM is superior to the default version of the model that uses the Jarvis scheme. Since plans involve the coupling of Noah-GEM to mesoscale models, such as the Weather Research and Forecasting (WRF) model Chang et al. 2009 ), our results indicate that GEM is able to be effectively combined with Noah and with mesoscale models.
